Although the optimization of zirconium-based alloys has led to significant improvements in hydrogen pickup and corrosion resistance, the mechanisms by which such alloy improvements occur are still not well understood. In an effort to understand such mechanisms, we conducted a systematic study of the alloy effect on hydrogen pickup, using advanced characterization techniques to rationalize precise measurements of hydrogen pickup. The hydrogen pickup fraction was accurately measured for a specially designed set of commercial and model alloys to investigate the effects of alloying elements, microstructure, and corrosion kinetics on hydrogen uptake. Two different techniques for measuring hydrogen concentrations were used: a destructive technique, vacuum hot extraction, and a non-destructive one, cold neutron prompt gamma activation analysis. The results indicate that hydrogen pickup varies not only from alloy to alloy, but also during the corrosion process for a given alloy. These variations result from the process of charge balance during the corrosion reaction, such that the pickup of hydrogen decreases when the rate of electron transport or oxide electronic conductivity (r ox e ) through the protective oxide increases. According to this hypothesis, alloying elements (either in solid solution or in precipitates) would affect the hydrogen pickup fraction by modifying r ox e . Because the mechanism whereby these alloying elements are incorporated into the oxide layer is critical to changing electron conductivity, the evolution of the oxidation state of two common alloying elements, Fe and Nb, when incorporated into the growing oxide layers of two commercial zirconium alloys (Zircaloy-4 and ZIRLO) and model alloys (Zr-0.4Fe-0.2Cr and Zr-2.5Nb) was investigated using x-ray absorption nearedge spectroscopy with microbeam synchrotron radiation on cross-sectional oxide samples. The results show that the oxidation of both Fe and Nb is delayed in the oxide layer relative to that of Zr, and that this oxidation delay is related to the variations of the instantaneous hydrogen pickup fraction with exposure time.
Introduction
As fuel burnup and reactor residence times increase, the uniform corrosion of zirconium alloy nuclear fuel cladding (and associated hydrogen pickup) can become a limiting factor for the use of high-burnup fuel rods in existing and advanced light water reactors [1, 2] . Several factors can control the uniform corrosion of zirconium alloys [3] . Although alloy optimization of zirconium-based alloys used for nuclear fuel cladding has been a key to increasing corrosion resistance and reducing hydrogen pickup, a complete understanding of the role of alloying elements in the corrosion and hydrogen pickup mechanisms is still lacking.
Because very small alloying element differences cause significant differences in corrosion and hydrogen pickup, it is of interest to examine the effect of alloying elements on the corrosion and hydrogen pickup mechanisms of zirconium alloys, which can, in turn, yield significant insights potentially leading to validation of a general hypothesis on the underlying mechanisms.
The overall zirconium corrosion reaction is written as
Some of the hydrogen generated by the corrosion reaction diffuses through the oxide and enters the metal, where it eventually can precipitate as hydrides, causing cladding embrittlement [1] . For comparison between alloys, the total hydrogen pickup fraction f H is defined as the ratio of the hydrogen absorbed from the beginning of the corrosion test, D t 0 H absorbed , to the total amount of hydrogen that has been generated by the corrosion reaction, D t 0 H generated .
The instantaneous hydrogen pickup fraction f i H is defined as the ratio of the hydrogen absorbed from a time t to a time t þ Dt to the total amount of hydrogen that has been generated by the corrosion reaction during the same period.
Few measurements of instantaneous hydrogen pickup fractions have been reported in the literature, as they require precise hydrogen measurements at successive small exposure time intervals. The determination of f H (and, to a lesser extent, f i H ) on various zirconium alloys has been the subject of extensive research, but the mechanisms of hydrogen pickup and, especially, the influence of the alloy composition and microstructure on f H are still not well understood [4] [5] [6] [7] . Studies have shown that f H depends strongly on alloy composition [4, 6] , alloy microstructure [8, 9] , and corrosion conditions [10] . It has been shown in the protective regime that pure Zr picks up about 20 % to 30 % of the hydrogen generated during the corrosion reaction, more than commercial alloys [11] . In general, alloying elements decrease hydrogen pickup, with the exceptions of Ni, which increases f H , and Sn, which is reported to have no effect [11, 12] . Previous measurements of instantaneous hydrogen pickup have shown that f i H may vary at different stages of oxide film growth [13] , but no clear understanding yet exists. Some of the literature is reviewed in the following sections.
Corrosion and Hydrogen Pickup Mechanisms

RATE-LIMITING STEP IN UNIFORM ZIRCONIUM ALLOY CORROSION
The zirconium oxide formed on Zr alloys exhibits a protective character, such that after the formation of the oxide there is no direct contact between the metal and the water, and the corrosion reaction cannot happen directly, so the oxidizing species have to travel through the oxide layer. In order for zirconium oxidation to occur, either the cations or the anions have to be transported through the oxide layer. The corrosion of zirconium and its alloys in high-temperature environments occurs via oxygen anion migration through the corrosion film, with the formation of new oxide occurring at the metal-oxide interface [14, 15] . The substoichiometric gradient of the zirconium oxide would be the primary driving force for the oxygen anion diffusion, although this value has not been precisely determined.
The oxidation process can be divided into several steps, as presented in Fig. 1 . First, oxygen in the water molecule dissociates and is adsorbed onto the oxide layer surface.
Because of the defect concentration gradient, the oxygen anions diffuse either through the bulk of the oxide or along the oxide grain boundaries. When the oxygen anion reaches the oxide-metal interface, it reacts with Zr cations to form new oxide.
The formation of this new oxide releases electrons, which then migrate through the oxide to reduce the hydrogen ions at the cathodic site.
It is well known that the corrosion rate of zirconium alloys decreases as the thickness of the oxide layer increases [16] . Because of this, it is considered that either oxygen anion diffusion or electron diffusion is the rate-limiting step. This assumption leads to the parabolic scaling law for the oxidation kinetics: d ¼ Kt n , with n ¼ 0.5 [17] . However, it has been observed that the oxidation of zirconium alloys is frequently sub-parabolic [18] [19] [20] [21] .
In the absence of externally applied potentials on the specimen, the net current through the oxide is zero, which means that the negative and positive oxidation currents must be equal and opposite. In the case of a deviation from this balance, a potential gradient develops across the oxide thickness that equalizes these currents. If the transport of electrons through the oxide is the rate-limiting step, a positive electric gradient through the oxide layer [the potential is negative at the metal--oxide interface relative to the oxide-water interface, ðr:VÞ > 0] appears and induces a negative electric field across the oxide layer. This field slows down the diffusion of the positively charged oxygen vacancies and increases the diffusion of electrons toward the oxide-water interface through the Coulomb forceF [F ¼ ÀeZ s ðr:VÞ; where Z e À ¼ À1 and Z V€ O ¼ 2]. Hence this negative electric field will tend to decrease the corrosion rate. Thus, a negative electric field tends to increase the transport of electrons and decrease the transport of oxygen vacancies. By these effects, the magnitude of the negative electric field is in turn reduced, so that the variations effected by the electric field are in a direction to decrease the rate of change in the field. Therefore, a stable situation in which the currents produce no further changes in the field is reached, and the net transport of charges at any location in the oxide is zero. Of course, the opposite is observed if the transport of oxygen vacancies is the rate-limiting step (and thus the electric field in the oxide is positive).
Many studies have observed negative potential at the metal-oxide interface relative to the oxide-water interface (the electric field in the oxide then being negative) [3, [22] [23] [24] [25] [26] [27] . From measurement of that potential as a function of exposure time, it also appears that electronic and ionic resistivities become more balanced as the oxide thickens, but the electric field normally remains negative. This indicates that the transport of electrons is normally slower than the transport of oxygen vacancies, making it the rate-limiting step in most circumstances. Although the mechanism of electron transport is still unclear [24, 25, 28, 29] , it seems reasonable to consider that both bulk and localized conduction can contribute to the overall rate [29] [30] [31] [32] . The preceding arguments indicate that oxide electronic conductivity is a key parameter in controlling zirconium alloy oxidation [33, 34] .
Clearly, if electron transport controls the oxidation kinetics, the precipitates embedded into the growing oxide and the extrinsic compensating defects due to aliovalent cations in solid solution could have a significant effect on the corrosion kinetics by affecting the oxide electronic conductivity [35] [36] [37] .
HYDROGEN PICKUP IN ZIRCONIUM ALLOYS
Hydrogen pickup in zirconium alloys has been the subject of many studies in the past 50 years, and several hydrogen pickup mechanisms have been proposed.
It has been proposed that the diffusion of hydrogen through the oxide layer would occur via solid-state diffusion through oxygen vacancies [10, 38, 39] , with possible localized diffusion at the second phase precipitates [9] . However, the hydrogen pickup fraction would be not a function of the corrosion kinetics, but rather the result of two competing processes: hydrogen discharge (hydrogen evolution) and the metal hydrogen uptake [5, 40] , with the alloying elements embedded in the oxide layer affecting both of these processes.
It is well accepted in the literature that Nb has a beneficial effect on hydrogen pickup, significantly decreasing the hydrogen pickup fraction [41] [42] [43] . This can be explained by the doping effect of the donor Nb 5þ at the interface with the aqueous medium, which increases the electron concentration at the oxide-water interface, thereby promoting the hydrogen discharge process [26, 44] . Electrochemical measurements have also shown that oxide electronic conductivity is increased by Nb additions, promoting hydrogen evolution at the oxide-water interface and reducing hydrogen uptake [34] . However, these effects cannot readily explain the observed variations of f i H as a function of exposure time [13] . The effect of the addition of transition metals such as Ni, Fe, and Cr on hydrogen pickup has also been studied, and it has been shown that for a given oxide thickness, Zircaloy-2 absorbs more hydrogen than Zircaloy-4. Also, the conclusion has been drawn that Ni has a detrimental effect on hydrogen pickup [4, 8, 45] . The effect of second-phase precipitates on hydrogen pickup is, however, still unclear [7] , with different results depending on the precipitate size and distribution [9, 33] .
OBJECTIVE OF THE STUDY
The foregoing illustrates the need to understand the effects of alloying elements on hydrogen pickup so as to design better alloys. In order to contribute to this understanding, we used a non-destructive technique called cold neutron prompt gamma activation analysis (CNPGAA) to quantitatively assess hydrogen concentrations in zirconium alloys. Using this nondestructive technique coupled with a conventional vacuum hot extraction (VHE) technique, we systematically measured the hydrogen pickup fraction at different exposure times for a set of zirconium alloys with specific chemistries and microstructures. The evolution of the chemical states of two alloying elements, Fe and Nb, when incorporated into the oxide layers formed during autoclave testing of various zirconium alloys was examined using micro x-ray absorption nearedge spectroscopy (lXANES).
Experimental Procedures
ALLOYS
The alloys used in this study are listed in Table 1 and included production materials Zircaloy-4 and ZIRLO and model alloys Zr-2.5Nb, pure sponge Zr, and Zr-0.4Fe-0.2Cr. All alloys were in the recrystallized state except for Zircaloy-4 tube, which was in a cold work stress relieved state. The starting hydrogen concentration in the alloys prior to autoclave testing was 10 to 15 wt. ppm.
The zirconium alloy samples were in the form of corrosion sheet coupons (25 mm by 20 mm by 0.8 mm) or tubing as shown in Table 1 . The alloys were processed following a procedure described in Ref 46 . Two of the alloys were processed at 580 C, to minimize grain growth for pure zirconium (sponge) and to maintain small precipitates in the Zr-0.4Fe-0.2Cr (L) alloy. A high process temperature of C was used to grow large precipitates in the Zr-Fe-Cr (H) alloy. The average precipitate diameter determined via synchrotron diffraction in Zr-0.4Fe-0.2Cr (L) and Zr-0.4Fe-0.2Cr (H) is equal to 40 nm and 110 nm, respectively [47] .
CORROSION TEST
Corrosion tests were performed at Westinghouse Electric Co. autoclave facilities in Churchill, PA. The samples were corroded in 360 C pure water in saturated pressure conditions at 18.7 MPa (2708.6 psi) according to ASTM G2 [48] . After every exposure cycle, the autoclave was opened and the water was refreshed in order to maintain a low hydrogen concentration in the water. In addition, all samples were weighed at the end of each cycle to measure weight gain as a function of exposure time. Sister samples from each alloy were periodically archived for subsequent destructive measurement of hydrogen content. Some selected samples were used for the nondestructive measurement of hydrogen content via CNPGAA. After hydrogen content measurements, these samples were returned to the autoclave for additional exposure, followed by further CNPGAA measurements of hydrogen concentrations, so that the evolution of the hydrogen pickup fraction was characterized on single samples.
HYDROGEN MEASUREMENTS
The hydrogen pickup fraction was determined at different exposure times using a combination of two different techniques, VHE and CNPGAA, described in the following paragraphs. VHE was performed by LUVAK, Inc. (Boylston, MA). An NRC Model 917 apparatus [49] was used for VHE. The technique is described in detail elsewhere [50] .
Because the technique is destructive, it is necessary to perform several measurements on different samples (sister samples), which is intrinsically a cause of measurement dispersion. Also, the experimental error is not well characterized, and the average experimental error is approximately 65 %, as confirmed by different studies [13, 51] . The dimensions of the analyzed samples were 8 mm by 8 mm for sheet coupons and a 3-mm-long ring in the case of tubes. In most cases, several samples from the same coupons were analyzed to improve the accuracy of the results. The procedure for CNPGAA measurements in zirconium alloys is discussed in detail elsewhere [50] . CNPGAA on ZIRLO and Zircaloy-4 sheet samples was performed at the National Institute of Standards and Technology (NIST) (Gaithersburg, MD) in one of the cold neutron beam lines. The background noise at the hydrogen gamma ray energy at this beamline is extremely low, so concentrations as low as 5 wt. ppm of hydrogen in zirconium alloys are detectable.
HYDROGEN PICKUP FRACTION
The hydrogen pickup fraction of a sample was calculated from the measurement of its weight gain and its hydrogen content. The calculation assumed no loss of oxide during corrosion. This assumption was verified by the good correspondence between weight gain and oxide layer thickness measured using scanning electron microscopy (SEM) on polished cross-sections of the corrosion sample. In addition, the weight gain was assumed to be due only to oxygen and to not take into account the hydrogen uptake. This is a good assumption for low hydrogen pickup fractions, but one has to keep in mind that the hydrogen uptake resulting from a theoretical hydrogen pickup fraction of 100 % could account for 11.1 % of the total weight gain. Because the autoclave is opened at least every 30 days, no significant build-up of hydrogen gas is observed (during the early stages of corrosion, in which corrosion rates are higher and thus hydrogen gas releases are more significant, the autoclave was opened more often). Following these assumptions, f H is equal to [46] 
where: m 
The hydrogen pickup fraction errors originating from weight gain and hydrogen concentration measurements have been evaluated using an error propagation formula.
X-RAY ABSORPTION NEAR-EDGE SPECTROSCOPY EXPERIMENT
Micro-XANES experiments were performed at the 2ID-D beamline of the Advanced Photon Source (APS) at Argonne National Laboratory [52] . Figure 2 shows a schematic of the scattering and data-acquisition geometry for the XANES experiments: a focused synchrotron microbeam (0.2 lm in diameter) is placed in frontal incidence on the region of interest of the cross-sectional oxide specimen. The XANES signals are recorded in fluorescence. The XANES scan energy step is 0.5 eV, and the chosen energy windows are 100 eV (from 7.09 keV to 7.19 keV) for Fe (the Fe K-edge is located at 7.12 keV) and 140 eV (from 18.94 keV to 19.08 keV) for Nb (the Nb K-edge is located at 18.98 keV). All measurements were performed at room temperature. The experimental procedure consisted of first recording a fluorescence scan of the oxide layer Zr L-edge (in case of Fe) or Zr K-edge (in case of Nb) to determine the positions of the oxide-metal and oxide-water interfaces. XANES scans were performed at various distances from the metal-oxide interface, both in the oxide and in the metal. In order to rule out specimen drift during the experiment, after each XANES scan an extra fluorescence scan was obtained to confirm the oxide position.
A list of the corrosion samples that were archived and used in the XANES experiments with the exact exposure time and oxide thickness (determined from weight gains) is shown in Table 2 .
In order to determine the chemical state of Fe and Nb in the zirconium oxide layer, Fe K-edge and Nb K-edge XANES spectra of reference standards were measured. The processing of XANES spectra was performed using Athena software (version 0.8.061, Ifeffit 1.2.11c) [53] . The different Fe and Nb standards used for the XANES experiments are detailed at length elsewhere [52] , and the list is presented in Table 3 .
The oxide samples were in the form of small transverse cross-sections (the transverse direction being normal to the cross-section) of corroded sheet coupons prepared according to a procedure detailed elsewhere [52] .
A schematic drawing of the final sample configuration is shown in Fig. 3 . The sample thickness was approximately 200 lm. The incident beam being parallel to the transverse direction, the measured XANES signal as a function of distance from the oxide-metal interface includes contributions from the alloying element (Fe or Nb) both in precipitates and in solid solution, as the x-ray attenuation length is approximately 12.5 lm at 7.12 keV and 28 lm at 18.98 keV [54] , which results in a sampled volume that is tens of micrometers deep.
For Zircaloy-4, assuming that the ratios of Fe and Cr in the precipitates and in the alloy are the same (which has been found to be true for Feðwt: %Þ=Crðwt: %Þ < 4 in the XANES signal coming out from the bulk samples cannot be neglected. The probability that the x-ray beam will hit a single precipitate as a function of oxide depth in our samples as calculated in Ref 52 is equal to 100 % for samples as thick as 200 lm. Thus the recorded XANES spectra are a convolution of signals from Fe in both solid solution and precipitates, so that the deconvolution of Fe signals from solid solution and precipitates during the processing of XANES spectra is impossible.
Results
CORROSION TEST
The corrosion weight gains for the different alloys as a function of exposure time are plotted in Fig. 4 . The plotted weight gains represent an average of the whole set of sister samples. The standard deviations of weight gain measurements among sister samples of a given alloy at a given exposure time are less than 0.5 mg/dm 2 . The samples indicated by arrows have been archived and used for XANES experiments. The commercial alloys show the well-defined transition-type corrosion behavior that has been observed previously in Zr alloys [20] . The oxide thicknesses at the first transition are 2.1 lm for Zircaloy-4, 2.9 lm for ZIRLO, and 3.5 lm for Zr-2.5Nb Additionally for a given alloy, f H significantly changes (increases) with oxide thickness for a given alloy. Figure 5 shows that the total hydrogen pickup fraction of pure Zr before breakaway is equal to 18 %, whereas that for Zircaloy-4 in the pre-transition regime is lower than 10 %, suggesting that the presence of precipitates reduces hydrogen pickup, as Sn is known to have almost no effect on hydrogen pickup [4, 6] . This is confirmed by the pickup fraction of approximately 10 % measured for the model alloy ZrFeCr for the same oxide thickness (see Fig. 6 ). The f H of ZIRLO is consistently lower than that of Zircaloy-4, whereas the f H of Zr-2.5Nb at a given oxide thickness is the lowest of the samples measured, which suggests that the addition of Nb decreases the hydrogen pickup fraction.
It is apparent from Figs. 5 and 6 that for all the alloys studied, the overall f H varied significantly with oxide thickness. One point to note is that the f H was higher for the weight gain acquired between the first and second transitions than before the first transition, and still higher between the second and third transitions. This is in spite of considerable evidence that the corrosion kinetics are repetitive and the oxide layer reforms itself in each transition. This suggests that the presence of the porous oxide formed during previous transitions might act to increase hydrogen pickup although this oxide is permeable to water.
At the end of the corrosion test, after 375 days of corrosion, f H was equal to 25 % for Zircaloy-4 and 19 % for ZIRLO.
The value of f H increased significantly from the pre-transition period to the first transition period (the transitions are marked by a sudden increase in weight gain, as seen in Fig. 4 ; the first transition period is defined as the period between the first and second transitions) and, to a lesser extent, from the first transition period to the second transition period. It also appears that f H varied within the transition periods, which would suggest that there are significant variations of f i H even though the corrosion kinetics changes only smoothly (see Fig. 4 ). This particular point is discussed in more detail in the next section.
The value of f H also depends on the alloy microstructure. The hydrogen content as a function of weight gain is plotted for the two Zr-Fe-Cr model alloys in Fig. 6 . Before reaching a thickness of approximately 3 lm, both alloys have similar f H values (between 10 % and 15 %). After the oxide thickness reached 3 lm, we observed an increase in f H , whereas the corrosion kinetics remained unchanged (see Fig. 4 ). Even though both model alloys show that f H increased once the oxide was approximately 3 lm thick, the alloy with bigger precipitates was less sensitive to that increase. This suggests that for a given volume fraction and corrosion rate, alloys with bigger Zr(Fe,Cr) 2 precipitates tend to pick up less hydrogen than alloys with smaller precipitates.
As discussed in the preceding section, the zirconium alloys' oxidation kinetics follow a power law of the form Kt n . We determined the exponent n by fitting the weight gain curves by a power law. The R 2 of the power law fitting was kept above 0.999 to ensure a good fit. The total hydrogen pickup fraction at the last fitted point (approximately 50 days of exposure time) is plotted in Fig. 7 as a function of the exponent n. An inverse relationship between the corrosion kinetics and f H is observed: the lower the value of n, the greater the value of f H . Relative to pure Zr, the addition of Zr(Fe,Cr) 2 precipitates tends to increase the kinetics and lower the f H . Nb-containing alloys have the fastest corrosion kinetics but the lowest hydrogen pickup. Even though they are not discussed in this paper, we also added Zr-0.5Cu and Zr-2.5Nb-0.5Cu alloys to this plot. It appears that relative to pure Zr, the addition of Cu slows down the kinetics but increases the hydrogen pickup fraction. 
INSTANTANEOUS HYDROGEN PICKUP FRACTION
We calculated the instantaneous hydrogen pickup fraction of commercial alloys in order to better characterize the evolution of hydrogen pickup as a function of corrosion kinetics. The results are presented in The f i H error bars are rather large because of the small Dt and the errors from the VHE measurements, which led to more uncertainties, especially when the corrosion rate was low. However, a general trend is observed in these plots. Similar trends have been observed for Zircaloy-4, Zr-2.5Nb-0.5Cu, and Zr-2.5Nb alloys [46] . It is clear that f i H varies as a function of exposure time. At first, when the corrosion rate is high, f i H is low (around 5 % in the pre-transition regime). As the exposure time increases, the corrosion rate slows down and f i H increases significantly. The instantaneous hydrogen pickup fraction keeps on increasing until the sample reaches transition. At transition, the corrosion rate increases again, and f i H drops. The process then repeats itself in the second transition regime, and so on, following the periodicity of corrosion kinetics. The instantaneous hydrogen pickup fraction evolution has been confirmed by following the pickup fraction of a given sample using CNPGAA to measure its hydrogen content at regular time intervals [46] , so that the dispersion of results due to sister sample variations and spot-to-spot variations are minimized. After the first transition, f i H decreases to approximately 10 % to 15 %, and not to the 5 % observed at the beginning of corrosion. Similarly, f i H at the second transition reaches higher values than at the first transition. These increases in f i H from one transition period to another lead to the observed increases in f H in Fig. 5 .
FE AND NB OXIDATION STATES
To quantify the Fe and Nb chemical states as measured by lXANES, the spectra were fit using the linear combination fitting algorithm included in the Athena software [53] (in this case, 14 spectra were used, including Fe 2 O 3 , Fe 3 O 4 , bcc-Fe, FeO, Fe in Zr, etc. [see Table 3 ]). Through the fitting, we quantified the fraction of alloying element that had been oxidized in the oxide. In all alloys, the fractions of oxidized Fe and Nb were close to zero at the metal-oxide interface and gradually increased in the protective oxide (the oxide formed since the previous transition), finally reaching 100 % some distance from the oxide-metal interface, indicating that all of the Fe and Nb was oxidized in the outer part of the oxide. The oxidation of Fe and Nb (both in precipitate and in solid solution) is delayed relative to the oxidation of Zr, so that a significant fraction of Fe and Nb remains metallic in the oxide layer, as already observed [57, 58] .
To compare the evolution of alloying element oxidation states between samples of different oxide thicknesses (i.e., at different exposure times), we chose the parameter d met , defined as the length of the oxide layer in which the fraction of metallic Fe or Nb is above 50 %. Thus d met is an indication of the evolution of the oxygen potential in the oxide layer. We also define d p as the protective oxide thickness (defined as the oxide formed since the previous transition). The ratio d met /d p is an indicator of the fraction of the oxide in which alloying elements are mainly unoxidized. Values of d met for Fe in Zircaloy-4 and ZIRLO and for Nb in ZIRLO and Zr-2.5Nb as a function of d p are shown in Fig. 9 . The transition thickness is represented by the shaded area. Because there are some variations in transition thickness from one transition period to another, the transition thickness is represented by a shaded area for ZIRLO and Zircaloy-4 in Fig. 9 , and not by a straight line. Also, because the oxide thickness increases rapidly right after transition, it is difficult to archive a sample with small d p ; hence the lack of data at small values of d p .
Generally, at first, d met increases up to a threshold value of approximately 0.8 lm for Zircaloy-4, 1 lm for ZIRLO, and 1.2 lm for Zr-2.5Nb. The threshold value for the model alloy Zr-0.4Fe-0.2Cr (H) is at least 1.25 lm. Once d met reaches its threshold value, it remains constant up to the time when the oxide reaches its transition thickness. At the transition, it is believed that d met drops, to zero. Interestingly, between the points at d p equal to 2.4 lm and d p equal to 3.2 lm for Zr-0.4Fe-0.2Cr (H), we observed a decrease in d met suggesting that although the corrosion kinetics do not change, a loss of protectiveness might be imminent.
As expected, d met does not depend on the transition period (see the results for Zircaloy-4 and ZIRLO), as it is directly dependent on the oxygen potential in the oxide layer and it is known that the corrosion of Zircaloy-4 is periodic [20] . Thus the evolution of the oxidation of alloying elements is periodic from one transition period to another.
Discussion
The results above indicate that hydrogen pickup results from the need to balance charge such that when oxide electronic conductivity (r ox e ) decreases, a driving force exists for hydrogen ingress.
RELATIONSHIP BETWEEN OXIDATION KINETICS AND HYDROGEN PICKUP FRACTION
As discussed previously, different alloys have different oxidation kinetics, with Nb alloys being closer to parabolic, whereas pure Zr and Fe/Cr-based alloys are subcubic. Similar variations in the oxidation kinetics of zirconium binary alloys have already been noticed [19] . If we assume that the electron transport is rate limiting, the hydrogen pickup mechanism will be linked to the corrosion kinetics through the electron flux: the higher the oxide electronic conductivity, the higher the electron flux (and thus the higher the corrosion rate) and the lower the hydrogen pickup fraction. This is also in accordance with results reported on binary Zr-Fe alloys [59] and on Zr-Sn-Fe-Cr alloys [60] .
Striking and consistent variations in f i H were observed in this work, with f i H increasing consistently before transition, dropping at transition, and increasing in the following transition period, in agreement with previous results [13] . One of the possible hypothesis for the variations of f i H could be that the hydrogen pickup fraction is only a phenomenological characteristic and that the rate of hydrogen picked up by the metal is actually constant, so that f H appears higher at lower corrosion rates. Using CNPGAA on given samples to measure the quantity of hydrogen picked up by the metal as a function of exposure time, it is possible to show that the actual quantity of hydrogen picked up varies as a function of exposure time, which negates this hypothesis [46] . The present results show that the hydrogen pickup fraction is linked to the corrosion kinetics, although it does not follow this kinetics. A likely explanation is that initially the corrosion rate is high, because electron transport is easy. When the evolution of alloying elements in the oxide layers for example by oxidation of precipitates causes the electronic conductivity to decrease, the corrosion rate decreases, and concomitantly, a driving force is established that enhances hydrogen ingress. Thus alloying elements are a key parameter of the hydrogen pickup mechanism, in agreement with the fact that f H changes from alloy to alloy. Their effect on hydrogen pickup is discussed in the next sections in terms of the effect of Nb and the effect of precipitates.
Effect of Nb Addition on f H
Nb additions decrease the hydrogen pickup fraction. Kiselev et al. studied the effect of Nb additions on f H in binary Zr-Nb alloys [41] and concluded that as the Nb concentration increases, the corrosion rate and therefore the amount of hydrogen produced increase, but the hydrogen pickup fraction decreases, especially in the solid solution range (up to 0.5 wt. % [61] ). In our study, we also observed that Zr-2.5Nb alloy showed both the lowest f t H throughout the experiment and the highest corrosion rate. The presence of Nb 5þ in the oxide is indicated by the fact that the Nb XANES spectra showed absorption edges above the Nb 4þ edge, although it is possible that a contribution of lower valences also exists [58, 62] . The presence of the Nb 2 O 5 phase in Zr-2.5Nb oxides has also been confirmed by photoelectrical analysis of passive zirconium niobium oxide layers [63] . Oxidized Nb atoms dissolved in the ZrO 2 solid solution would dope the oxide layer and act mostly as donors. If we do not consider the aggregation of alloying elements and the formation of complex defects, the compensating defect of the Nb positive charge will be either zirconium vacancies or electrons. Given that the conduction band of ZrO 2 is formed of zirconium 3d empty states and the zirconium vacancy is highly positively charged, it is believed that electrons are the preferred compensating defects. According to this picture the oxide electronic conductivity would increase as a result of the increase in the free electron concentration. This result is also confirmed by electrochemical measurements on zirconium alloys, with Zr-2.5Nb showing by far a lower electronic resistance than other Zr alloys [33] . As a result it is believed that an increase in oxide electronic conductivity would reduce the hydrogen pickup fraction. As it is believed that electron transport is the ratelimiting step in zirconium alloy oxidation (see the section "Rate-limiting Step in Uniform Zirconium Alloy Corrosion"), the increase in oxide electronic conductivity could also explain the faster kinetics observed in Zr-Nb alloys, which is closer to parabolic than cubic. This hypothesis could also explain why the size and volume fraction of Nb precipitates do not play a significant role in determining the hydrogen pickup fraction and corrosion resistance of Zr-Nb alloys, as the dominant effect would be a low electronic resistivity due to the donor effect of Nb in solid solution.
Effect of Precipitates on f H
The presence of Zr(Fe,Cr) 2 precipitates appears to reduce the hydrogen pickup fraction relative to pure Zr. In agreement with previous observations, the lXANES results show that precipitates remain metallic when embedded in the growing zirconium oxide layer up to a certain distance from the metal-oxide interface. Metallic precipitates would likely enhance the electronic conductivity of the oxide layer, which would in turn reduce the hydrogen pickup relative to pure Zr. It is believed that a material with a homogeneous distribution of fine precipitates has a higher oxide electronic conductivity than pure Zr [34, 37] .
For a given volume fraction and corrosion rate, the f H of the alloy with larger Zr(Fe,Cr) 2 precipitates is lower than the f H of the alloy with smaller Zr(Fe,Cr) 2 precipitates. Electrochemical measurements have shown that for a given volume fraction, Zircaloy-4, with bigger Zr(Fe,Cr) 2 precipitates, would have a greater oxide electronic conductivity than alloys with smaller precipitates [33] , resulting in a lower f H . Metallic precipitates can act as local electric shortcuts favoring electronic conduction, thus promoting hydrogen evolution at the oxide-water interface and resulting in a low hydrogen pickup fraction. However, lXANES results have shown that precipitates do not remain metallic and oxidize after a certain distance from the oxide-metal interface, so that they could not act as local electric shortcuts throughout the oxide layer.
Precipitate oxidation and its effect on hydrogen pickup fraction are the subject of the next sections.
Oxidation Model of Precipitates
The lXANES measurements in Zircaloy-4, ZIRLO, Zr-2.5Nb, and Zr-0.4Fe-0.2Cr alloys reported in this work [64, 65] show that the oxidation of Fe and Nb in precipitates is delayed relative to the oxidation of Zr. This is in accordance with previous transmission electron microscopy observations [65] and electrochemical measurements [66] . Zirconium is preferentially oxidized and alloying elements in precipitates are protected up to a certain distance from the oxide-metal interface where the oxygen potential is high enough to oxidize Fe or Nb in precipitates. As reported in the literature, first Cr is oxidized and metallic Fe segregates to form bcc Fe [52] . In general, once the oxidation potential of alloying elements in precipitates is reached, they start oxidizing.
The oxidation model based on the lXANES results proposed in Ref 52 is recalled here. Right after the oxide transition, the oxide layer is fully protective and a continuous oxygen potential gradient across the oxide layer is established. The boundary conditions at the interfaces fix the oxygen potentials at these locations. As d p increases, the oxygen potential gradient decreases, so that d met also increases, but the ratio d met /d p remains constant [see Fig. 10(a) ]. As d p continues to increase, d met reaches a threshold value and remains constant. Thus, the ratio d met /d p decreases and the oxygen potential in the outer part of the protective oxide increases [see Fig. 10(b) ]. The threshold value of d met depends on the alloy and is smaller for Zircaloy-4 ($800 nm) than for ZIRLO ($1.0 lm), and the value for ZIRLO is smaller than d met in Zr-2.5Nb ($1.2 lm) and Zr-0.4Fe-0.2Cr (H) alloy (at least 1.25 lm). The oxygen boundary conditions are likely to be the same among the different alloys, and the different oxidation potential of precipitates cannot explain the observed variations in the d met threshold value [67] . Thus, at a given oxide thickness, the oxygen partial pressure in the Zr-2.5Nb oxide layer is lower than the oxygen partial pressure in ZIRLO, which is in turn lower than the oxygen partial pressure in Zircaloy-4 oxide layers. When the oxide transition occurs and the oxide is no longer protective and is permeable to water, so that d met drops to zero (Fe and Nb are fully oxidized).
It is thought that the development of porosity in the protective oxide layers is responsible for the fact that d met reaches a threshold. The evolution of the microporosity in zirconium oxide layers as a function of oxide thickness has been extensively studied [26, [68] [69] [70] [71] [72] and the reported values of an oxide thickness free of interconnected pores (0.8 lm to 1.2 lm) are in agreement with our reported values of d met as a function of d p . Before transition, the formation of a connected network of pores would increase the partial pressure of oxygen in the outer part of the protective oxide layer. Once the precipitates are embedded in the outer part of the oxide layer where pores are interconnected, they will oxidize. d met represents the boundary between the inner part of the oxide, free of interconnected pores, and the outer part in which pores are interconnected. It is of course tempting to relate d met to the concept of a barrier layer as defined by other authors [11] , but it is necessary to carefully define the barrier layer concept, as different techniques will yield different values of d met .
Yilmazbayhan et al. have shown that for the same alloys used in this study, the higher the post-transition corrosion rate, the smaller the oxide thickness at transition [20] . The Zircaloy-4 transition being the earliest (and its corrosion rate the highest) among the alloys studied, its level of porosity at a given oxide thickness would be the highest among the considered alloys [71] . Different levels of porosity among the alloys (highest for Zircaloy-4 and lowest for Zr-2.5Nb) would explain the different threshold values of d met (smallest for Zircaloy-4 and highest for Zr-2.5Nb).
Effect of Precipitate Oxidation on Hydrogen Pickup Fraction
The ratio d met /d p and the instantaneous hydrogen pickup fraction f i H are plotted in Fig. 11 as a function of d p for all the alloys (f i H is plotted in a similar fashion as in Fig. 8 ). The transition thickness for Zr-0.4Fe-0.2Cr (H) is unknown, and the third transition of Zircaloy-4 is not precisely known. The total hydrogen pickup fraction is plotted in the case of Zr-0.4Fe-0.2Cr (H). In Fig. 11(b) , the pickup fraction at 0 lm is the total hydrogen pickup fraction from t ¼ 0 days to the time at the first transition [ Fig. 11(c) shows the same for the second transition].
It appears that variations in d met /d p and f i H are connected. At first, the concentration of metallic precipitates in the protective oxide layer, represented by the ratio d met /d p , is constant, so that r ox e is constant until d met reaches its threshold value. According to the hypothesis that hydrogen pickup results from the need to balance charge, f i H would remain constant as observed in Figs. 11(b) and 11(d) . As explained in the preceding section, because of the development of microporosity in the outer part of the protective oxide layer, the ratio d met /d p decreases and the concentration of metallic precipitates acting as local electric shortcuts in the oxide layer decreases. As a result, r ox e would also decrease, and f i H would increase up to transition. This effect is observed in all the plots in Fig. 11 . Eventually, the same mechanism will take place in the next transition period.
However, the observed increase in f H from one transition period to the next cannot be fully explained by this mechanism, because the growth of the oxide layer and the oxidation of alloying elements are periodic processes. The likely explanation for this difference is that one of the boundary conditions is changing after transition. One possibility is that the presence of the outer porous oxide changes the The shaded area shows the transition thickness for the different alloys (unknown for Zr-0.4Fe-0.2Cr (H) and Zircaloy-4 at the third transition). In the case of Zr-0.4Fe-0.2Cr (H), the total hydrogen pickup fraction is plotted instead of the instantaneous hydrogen pickup fraction. boundary condition at the outer limit of the protective oxide. Previous studies have indicated that hydrogen overpressure increases hydrogen pickup in zirconium alloys [10, 73] . In the pre-transition regime, the cathodic site is directly in contact with water, so that the hydrogen pressure at the cathodic site and that in the water are equal. However, when a non-protective oxide layer is present on the top of the growing protective oxide, the hydrogen evolved at the cathodic site has to diffuse through these layers to finally reach the water. As a result, a hydrogen pressure gradient will be established across the non-protective oxide layers. This will cause hydrogen overpressure at the hydrogen evolution site to build up, leading to an increase in proton concentration at this location. Higher concentrations of protons at the interface could lead to an increase in hydrogen pickup fraction such as seen in Fig. 5 .
Conclusion
Detailed measurements were performed for hydrogen pickup and oxide growth as a function of exposure time for a set of chosen zirconium alloys with specific chemistries and microstructures using vacuum hot extraction (VHE) and cold neutron prompt gamma activation analysis (CNPGAA). The variations of the oxidation states of Fe and Nb as a function of oxide depth in these samples were investigated by means of x-ray absorption near edge spectroscopy (XANES) using microbeam synchrotron radiation.
1. The hydrogen pickup fraction is linked to the corrosion kinetics but does not follow it exactly. Results are consistent with the hypothesis that the higher the oxide electronic conductivity, the higher the corrosion rate and the lower the pickup fraction. Hydrogen pickup during corrosion results from the need to balance charge, causing hydrogen pickup to increase when the rate of electron transport through the protective oxide decreases. According to this, oxide electronic conductivity (r ox e ) plays a key role in the hydrogen pickup mechanism, such that alloy oxides with higher r ox e result in a lower hydrogen pickup fraction, and vice versa. 2. Nb additions generally reduce the hydrogen pickup fraction. Following the previously stated hypothesis, it is proposed that the donor effect of Nb in solid solution increases r ox e , thereby reducing hydrogen pickup. The oxidation of Fe and Nb when incorporated into the oxide is delayed relative to zirconium oxidation. Thus metallic precipitates are embedded in the growing oxide up to a thickness of d met . It is proposed that metallic precipitates embedded in the protective oxide reduce hydrogen pickup by increasing r ox e , possibly by acting as local electric shortcuts.
3. An oxidation model of precipitates has been developed: an inner layer (thickness ¼ d met ) in which most of the alloying elements in precipitates are still metallic develops as the oxide grows. At first d met increases as the protective oxide layer thickens. After the oxide layer grows up to a threshold value of around 1 lm to 1.5 lm, d met reaches a constant value that lasts until the oxide reaches transition, when d met drops to zero. This threshold value is alloy dependent and has been connected to the development of microporosity in the oxide. The alloys scale as follows: the higher the corrosion rate, the higher the porosity and the lower the d met . 4. The evolution of d met /d p is connected to the evolution of the instantaneous hydrogen pickup fraction in all the studied alloys. The increase in instantaneous hydrogen pickup fraction as the corrosion rate slows down is rationalized to the delayed oxidation of precipitates in the protective oxide layer.
Q2:-Does hydrogen evolution, assisted by electron transport via segregated iron, occur at the oxide coolant interface?
Authors' Response:-It is believed that the hydrogen evolution reaction leading to the formation of hydrogen gas occurs at the oxide/coolant interface. However, some hydrogen from the corrosion reaction enters the oxide under the form of protons and recombine either in the oxide or at the metal/oxide interface and not at the oxide/coolant interface. The location of these cathodic sites inside the oxide and the fate of hydrogen evolved in the oxide are not known at the moment.
Q3:-Protectiveness and pickup fraction: the more protective the oxide, the higher the pickup fraction? Does this mean protective for electron transport (insulating)?
Authors' Response:-Indeed, the conclusions of our study seem to show this correlation: the more insulating the oxide is, the higher the hydrogen pickup fraction since the transport of electrons is more difficult. The difficulty of electron transport is transcribed as a higher electric potential across the oxide, believed to be the driving force for protons to get into the oxide. By adding a donor such as Nb 5+ and/or metallic second phase particles in the insulating oxide, the insulating oxide could be more conductive for electrons, lowering the electrical potential across the oxide, so that the driving force for hydrogen pickup would be reduced.
Question from B. K. Shah, BARC Mumbai Q1:-Does Cold Neutron Prompt Gamma Activation Analysis for non-destructive measurement of hydrogen in Zr alloys measure hydrogen in the surface layer or is it a bulk analysis? What is the uncertainty in hydrogen measurement by this method?
